Chromosome-specific DNA libraries can be very useful in molecular and cytogenetic genome mapping studies. We have developed a rapid and simple method for the generation of chromosome-specific DNA sequences that relies on polymerase chain reaction (
Chromosome-specific DNA libraries are useful in molecular biological and cytogenetic studies involving genome mapping. The development of chromosome-specific libraries to date has been very labor intensive, relying on the existence of appropriate somatic cell hybrids (1, 2) , the ability to isolate unique chromosomes to relative purity by flow cytometry (1) (2) (3) (4) (5) , or the ability to discriminate between and isolate regions of chromosomes by microdissection (6, 7) . All of these methods have required DNA from hundreds or thousands of chromosomes. These limitations have impeded the generation oflibraries from many chromosome sources, such as tumor marker chromosomes or nonhuman chromosomes. Similarly, the development of subchromosomal libraries of regions of interest has required either cloning into yeast artificial chromosomes (8) or microdissection (6, 7) , each of which is labor intensive. In this report, we demonstrate the generation of representational chromosome-specific sequences by ligation-adaptor PCR (4, 9, 10) of a single flowsorted chromosome or subchromosome fragment. PCR libraries suitable for molecular and cytogenetic analyses have been generated from normal human chromosomes that are allele-specific, from baboon and dog chromosomes where no facile alternative means of production was available, and from a tumor-cell marker chromosome that allowed its composition to be determined by hybridization to normal human metaphases ("reverse chromosome painting"; ref. 11) . The ability to utilize single sorted chromosomes confers unique advantages for the rapid generation of pure chromosomespecific libraries.
MATERIALS AND METHODS
Cells and Cell Lines. Baboon (Papio cynocephalus) and canine peripheral blood lymphocytes were obtained by venipuncture. Lymphocytes and the human lymphoblastoid line SR (12) were grown in RPMI 1640 culture medium supplemented with 16% (vol/vol) fetal bovine serum. Lymphocyte cultures were stimulated with phytohemagglutinin (baboon) or concanavalin A (canine) for 72 hr to produce metaphase cells. The human papilloma virus type 18-transformed foreskin keratinocyte cell line FEP-1811 (13) was grown in serum-free keratinocyte medium (GIBCO).
Single-Chromosome and Chromosome-Fragment Sorting. Chromosomes were prepared by a standard polyamine buffer method (14) and stained with 4'-diamidino-2-phenylindole (DAPI; Accurate Chemicals) at 10 pg/ml. Sorting was performed on an unmodified cell sorter (Ortho 50 HH Cytofluorograf) using 351-364 nm (excitation wavelengths) and 100 mW. Individual chromosomes within the desired fluorescence intensity ranges were sorted into separate siliconized 0.5-ml snap-cap tubes containing 3 AI of water overlaid with mineral oil. The samples were centrifuged at 2100 x g for 10 min and stored at -200C. Chromosome fragments were generated by shearing a pool of 10,000 sorted human chromosomes 1 and 2 by using a 30-gauge needle. Individual fragments with DNA contents representing =10% of the intact chromosomes were individually sorted as described above.
DNA Extraction, Digestion, Ligation, and PCR Amplification. Mineral oil above the sorted samples was removed and sample volumes were adjusted to 10 ,ul containing proteinase K (Boehringer Mannheim) at 50 ng/t4 and 10 mM Tris HCl (pH 7.5). After incubation at 500C for 1 hr, enzyme was inactivated with phenylmethylsulfonyl fluoride (Sigma) at 40 ng/pul and 50'C for 1 hr. The phenylmethylsulfonyl fluoride was then inactivated by heating at 650C for 3 hr. Sau3AI restriction endonuclease (Promega) was added at 0.02 unit/h." after adjusting the buffer to 100 mM Tris'HCl (pH 7.2) by Abbreviations: DAPI, 4'-diamidino-2-phenylindole; FISH, fluorescence in situ hybridization.
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Proc. Natl. Acad. Sci. USA 91 (1994) 5859 addition of 1.5 Al of lOx buffer B (Promega), 10 mM MgCl2, and bovine serum albumin (100 ng/jl) in a total volume of 15 1.l. After overnight incubation at 370C, enzyme was inactivated at 650C for 20 min. Ligation-adaptor PCR amplification was performed using adaptor oligonucleotides RBgl24 and RBgl12 as described (9) (15) . The reaction mixture was overlaid with mineral oil, followed by "touch down" PCR (16) (17) and blocked for 10 min with 4x saline sodium citrate (SSC)/1% bovine serum albumin (Sigma)/5% (wt/vol) nonfat dry milk at room temperature. Probes were localized by a 30-min incubation with Texas red-labeled avidin (Vector Laboratories) at 25 pug/ml in 100 IlI at 4x SSC/1% bovine serum albumin at room temperature. Unbound Texas red-avidin was removed by washing slides sequentially for 3-min periods with 4x SSC, 4x SSC/0.1% Triton X-100, and 4x SSC.
Chromosomes were counterstained by draining slides thoroughly and coverslipping with antifade solution (Vector Laboratories) containing DAPI at 15 pg/ml. Alternatively, fluorescent chromosome R-bands were generated with chromomycin A3/distamycin A (18). Each chromophore was visualized independently by epifluorescence using Chroma epifluorescent filter sets [chromomycin A3, 435 ± 10 nm (excitation)/460 nm and above (emission); DAPI, 400-412 nm (excitation)/451-475 nm (emission); Texas red, 561-585 nm (excitation)/600-670 nm (emission)] and a Samba 4000 image analysis system (Imaging Products International, Chantilly, VA), as described (17) . Black and white images were digitally overlayed as 24-bit pseudocolor TIFF files with Texas red images placed in the green channel and counterstain emissions in the red channel. These pseudocolors were chosen as easiest to discriminate by eye and do not represent the true hues of the fluorescent dyes used.
RESULTS
DNA libraries generated by PCR amplification of single flow-sorted chromosomes showed some variation in fragment size distributions but were generally 200-1000 bp after 42 cycles of PCR, with a yield of 1-2 pig of DNA. Subsequent amplification of sequences to 84 cycles generated a slight shift in the population to smaller DNA sizes (data not shown). Biotin-labeled PCR products were characterized cytogenetically by FISH onto metaphase chromosomes. Approximately 65% of samples from single sorted chromosomes were observed to "paint" (extensively label) individual chromosomes with a high degree of specificity (see below). Usually a single chromosome pair was labeled, but in some cases (particularly when sorting larger chromosomes) multiple small chromosomes were labeled. This result was presumably due to the sorting of an aggregate ofchromosomes, since the sum ofaggregate contour lengths approximated the length of single chromosomes sorted in the same gate. Remaining samples either faintly labeled apparently random portions of many chromosomes or generated faint fluorescent R-banding patterns on all chromosomes, for as yet unknown reasons (data not shown).
Human Chromosomes. Representative human chromosome sequences from chromosomes [8] [9] [10] [11] [12] and X were generated by sorting and PCR-amplifying individual chromosomes where no attempt was made to resolve overlapping chromosomes in the region of smaller C group chromosomes (Fig. 1A) . The resolution of the single parameter flow karyotype would be considered inadequate for conventional chromosome sorting. Fig. 2A shows the FISH analysis of one probe derived from this experiment, B109, that was unique for human chromosome 12. PCR libraries from human chromosomes [8] [9] [10] [11] and X were also generated and identified by FISH during this experiment (data not shown). This illustrates the utility ofthis strategy when individual chromosome populations cannot be separately resolved by flow cytome- try. Extended PCR amplification ( Fig. 2A Left Inset with the 84-cycle product in Fig. 2A Right Inset) . The magnitude of this effect varied from sample to sample. In some cases, pseudo-banding patterns have been generated after 84 or 126 cycles of PCR, and these may potentially be useful supplements to R-banded counterstaining as an aid to orientation of translocated and inverted chromosome regions.
A similar sorting experiment was performed on human SR lymphocytes (12) , which carry differently sized short tandem repeat polymorphism markers [D8S201 (15) ] on the short arm of each chromosome 8 (Fig. 3, regions a and b) (Fig. 3, lanes 1, 2, and 8, respectively) . Some DNA samples (e.g., Fig. 3 , lanes 4-7 and 10) yielded weak (apparently random) signals that did not correspond to either allele, and no samples were observed to contain both alleles. Subsequent FISH analyses confirmed that E101, E105, and Elli were specific for chromosome 8 (data not shown). This result demonstrates that desired chromosomes can be identified by molecular screening of large numbers of PCR products and that the short tandem repeat polymorphisms used in mapping studies can be represented in these PCR libraries. Since such polymorphic regions must reside within a restriction fragment of length compatible with PCR, not every marker will be compatible with this technique, although use of alternative restriction enzymes should expand the repertoire. Molecular methods of probe screening may also assist the rapid assembly of complete chromosome libraries.
PCR libraries specific to subregions of a specific chromosome are highly desirable for use as high-resolution FISH probes and for subchromosomal localization of DNA sequences. Region-specific human subchromosomal PCR libraries were obtained by sorting 10,000 human chromosomes 1 and 2, shearing, then resorting, and PCR-amplifying single fragments. By using this protocol, FISH analyses offragment probes showed localization to distal regions of these chromosomes (e.g., Fig. 2B ) in a majority of samples.
Nonhuman Chromosomes. Sorting and PCR amplification of individual baboon chromosomes yielded chromosomespecific DNA probes such as B503, which hybridized to baboon chromosome 13 ( Fig. 2 C Fig.  2D , where the baboon probe B503 was crosshybridized to human chromosomes. B503 consistently hybridized to a large portion of the long arm of human chromosome 2 (2ql.4-2qter; Fig. 2D Inset) . This result is consistent with previous primate-human comparative chromosome banding analyses (19) and published hybridizations of human chromosome 2 probes to nonhuman primate chromosomes (20, 21) (Fig. 2E) were also generated by isolation and PCR amplification of individual canine chromosomes. In both the baboon and canine experiments, the presence of multiple chromosome types within gates used to sort individual chromosomes ( Fig. 1 B and C) did not affect the quality of PCR libraries produced.
Abnormal Marker Chromosome. Previous conventional cytogenetic examination of the human papilloma virus type 18-transformed keratinocyte cell line FEP-1811 indicated the presence of a marker chromosome larger than chromosome 1 with a banding pattern consistent with most of chromosome 3 (16) . Additional material within the marker chromosome of FEP-1811 cells could not be identified by conventional banding. To generate marker-chromosome-specific DNA probes for characterization of unidentified regions within the marker, individual events corresponding to the estimated DNA content ofthis marker (slightly larger than chromosome 1) were flow-sorted (Fig. 1D) , PCR-amplified, and hybridized to normal human metaphase chromosomes. One-fourth ofthe PCR products analyzed by FISH showed hybridization patterns identical to those of probe K133 shown in Fig. 2F , in which all of chromosome 3 and distal regions of chromosomes 13 and 21 (Fig. 2F Inset) were painted. The remaining PCR products painted a diverse spectrum of multiple smaller chromosomes, with each PCR library painting a different set of chromosomes. This result suggests that three-fourths of the PCR libraries generated were simple aggregates of normal chromosomes and that one-fourth of the PCR libraries were of the specific marker chromosome. Subsequent FISH of PCR library K133 to FEP-1811 metaphases demonstrated labeling of the entire marker in question and segments of chromosomes 13 and 21 (data not shown).
DISCUSSION
We have used the ligation-adaptor PCR technique (4, 9, 10) to efficiently amplify single sorted chromosomes and chromosome fragments from a variety of sources. PCR amplification of representative sequences from single sorted chromosomes offer several advantages over previously described strategies for producing chromosome-specific DNA libraries. PCR amplification of chromosome sequences does not actually produce a "library" in the strict definition reserved for sequences cloned into a vector. The term "PCR library" is, however, increasingly used as descriptive shorthand for this form of representational amplification (2) . Specificity of the PCR library for a single chromosome is assured even when different chromosomes cannot be separated by flow cytometry, because only one chromosome (or fragment) is sorted per library. This property was essential for the generation of baboon and canine chromosome-specific PCR libraries (Fig.  2 C-E) in this study, since the flow histograms for these species (Fig. 1 B and C) precluded purification of unique chromosome pools by sorting, unless somatic-cell hybrids were used. No special expertise or instrumentation for chromosome sorting was required in these experiments, since representative sequences could be obtained from technically poor chromosome resolution by cytometry. This should make this method widely accessible to any laboratory with a sorting cytometer. In principle, this method could even be applied without using a cell sorter by limiting dilution plating (although the ability to enrich for desired chromosomes by size selection would be lost).
Previous studies have demonstrated that chromosomespecific probes can be generated by PCR amplification of hundreds or thousands of sorted chromosomes (2, 4, 5, 11) . This reduces sorting time required but does not alter the requirements for purity of the sorted chromosomes, which often must be assisted by use of somatic-cell hybrids (1, 2) . We have demonstrated that there is no technical obstacle to preparation of pure PCR libraries from single sorted chromosomes. In our procedure, the same oligonucleotide that is ligated to digested DNA ends is subsequently used as the PCR primer, alleviating the need to remove unligated oligomers prior to PCR amplification. The entire sorting and amplification is performed in a single tube. FISH analyses of PCR probes demonstrated that more than half of all products gave apparently pure painting of entire individual chromosomes (e.g., Fig. 2 A and C) . Occasionally, FISH patterns showed regions of underrepresentation that may have resulted from unusual distributions of Sau3AI restriction sites or unequal restriction digestion. Further amplification of PCR libraries to 84 total cycles produced variable results, although in most cases homogeneity of labeling was only marginally reduced (e.g., Fig. 2A Right Inset) . In some cases, the average size and complexity of the PCR libraries were reduced as samples were further PCR-amplified and pseudobanding FISH patterns became more prominent. In some circumstances, this may be of use because such pseudobanding patterns may be an aid to region identification and Genetics: VanDevanter et al.
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Human chromosome probes have in the past been useful in FISH studies of primate cytotaxonomy (20, 21) and the ability to use single chromosome sorting to rapidly generate chromosome-specific probes to diverse species (Fig. 2 C-E) should have great potential for comparative cytogenetics (Fig. 2D) and molecular phylogeny. It should also be possible to identify and clone additional microsatellite repeat polymorphisms within PCR libraries from sorted chromosomes by using rapid screening methods (22) . In species that are not yet densely mapped with such markers, this should be a rapid approach to assembling chromosome-or chromosomefragment-specific polymorphic markers for genetic linkage analysis. Conventional means of library production will, of course, be necessary when large DNA fragment sizes are needed, as for contiguous sequence mapping using cosmid and yeast artificial chromosome libraries.
The ability to analyze microsatellite repeat polymorphisms on PCR libraries from only one chromosome (Fig. 3) may be a method for more rapid allelotyping and allelic sequencing. In addition, strategies for subtraction of libraries (9) generated from individual chromosome homologues in cancer or genetic diseases may be a way to identify affected regions or genes.
It has been proposed that by simultaneous use of a number of chromosome band-specific probes, unique chromosomal "bar codes" can be produced to confirm chromosomal aberrations and breakpoints, even in interphase cells (8) . Microdissection and PCR amplification of chromosomal regions is one means of construction of band-specific probes (6, 7); however, it is labor intensive and requires exact identification of chromosome regions prior to dissection of multiple chromosomes. In addition, DNA sequence representation in libraries from microdissected chromosomes is much poorer than from sorted chromosomes, presumably due to the degraded or more inaccessible state of DNA from fixed scraped preparations (10) , and visual discrimination between alleles is usually not possible. Generation of subchromosomal DNA libraries by use of radiation hybrids is an alternative (23) but again is labor intensive and requires extensive screening to find the chromosome and fragment size desired. In contrast, generation of region-specific probes by single fragment sorting and PCR amplification (Fig. 2B) is rapid, is targeted to the desired chromosome(s), and assures fragment purity. Region sizes may be accurately chosen by using the flow cytometer to select the DNA fluorescence intensity of sorted fragments, and chromosomal locations can be determined by FISH.
Our experience suggests that single chromosome sorting and PCR amplification can also be employed to determine the composition of complex tumor marker chromosomes in a single experiment (Fig. 2F) , directly identifying chromosome breakpoints. In the past, characterization of cytogenetic aberrations in tumors has contributed to the understanding of carcinogenesis and tumor progression and in some cases to clinical management decisions. Whereas cytogenetic marker chromosomes of hematologic malignancies have been studied in detail (24) , chromosomes from solid tumors have been more difficult to study due to the difficulty of establishing tumor cell cultures, low mitotic indices, complex karyotypes, and poor chromosome morphology. Characterization of tumor marker chromosomes by serial painting with the 24 normal human chromosome libraries requires good tumor chromosome morphology, is labor intensive, and does not identify which regions of individual chromosomes are represented in markers or where breakpoints might lie. Similarly, marker chromosome microdissection requires numerous different dissections to assure good representation within a library. In contrast, sorting of individual marker chromosomes for PCR amplification does not require a large number of mitotic cells or good chromosome morphology, and FISH analyses of marker-specific DNA probes can be performed on normal metaphase cells (Fig. 2F) . Marker-specific PCR libraries generated in this manner may also be useful for the molecular characterization and cloning of fusion genes and rearrangements present on marker chromosomes. D.R.V. and N.M.C. contributed equally to this work. We thank Dr. Glenna C. Burmer for useful discussions, Dr 
